Topographic specificity in the projection from the retVisual connections to the mammalian forebrain are ina to the dLGN also seems to be determined at least known to be patterned by neural activity, but it remains in part by neural activity, since the blockade of activity unknown whether the map topography of such higher causes errors in map topography (Sretavan et al., 1988). sensory projections depends on axon guidance labels.
). The gradients are tilted with respect to all three In mammals, the bulk of retinal axons projects to four axes of the head, so that they are strongest at the venmain targets: the dLGN, ventral LGN (vLGN), and pretectral-lateral-anterior edge of each nucleus, and decrease tal nuclei, all located along the optic tract, and the supetoward the dorsal-medial-posterior edge. Similar patrior colliculus (SC) in the midbrain. A major projection terns were seen from E14 to at least P4, but by P7, goes to the dLGN, ultimately leading to conscious vision. expression had declined to low levels (data not shown). The SC is the mammalian homolog of the tectum and We cannot reliably determine from our data the precise adjusts movements of the eyes and head toward a stimshape of the gradients (linear, exponential, etc.), espeulus. The vLGN has a variety of reciprocal projections, cially since the dose-response curve for our hybridizawith nuclei in the brain stem and elsewhere, while the tions is not known. However, the observation of gradipretectal nuclei are involved in pupillary reflexes. In the ents and their orientation was always consistent. Similar mouse, axons arrive in the SC and dLGN between emgradients were not seen with other hybridization probes bryonic day 16 (E16) and birth (P0), initially forming a or with Nissl stain, which gave an even distribution over diffuse projection that is refined to a well developed the vLGN and dLGN (data not shown the ephrin-A5 gradient was steeper and more concenthere are gradients within the pretectal nuclei, though because of their small size, a gradient might be more trated toward its high end (Figures 2A-2H) .
Ephrin-A2 and ephrin-A5 RNAs are also both exdifficult to discern. RNA probes for the other three known ephrin-A ligands did not detect prominent staining in pressed in the pretectal nuclei, another set of retinal targets (Figures 1, 2A, and 2B , 1996) . To confirm our findings, we tested multiple well as to test for other cross-reacting ligands that might be in different distributions and for the complementarity embryos and used two nonoverlapping probes for EphA5 RNA, and we consistently found a nasal-temporal of ligand and receptor gradients, a key property expected of topographic labels. gradient of expression. EphA5 is therefore a candidate topographic receptor for retinal projections in the The probes used here were alkaline phosphatase (AP) fusions of EphA3, EphA4, and EphA5, which bind ephrinmouse. We also performed affinity probe in situ with ligand A2, ephrin-A5, and other ephrin-A ligands (Flanagan and Vanderhaeghen, 1998). All three probes gave similar refusion proteins to confirm receptor expression in the retina at the protein level and to test gradient complesults. In the midbrain, a single gradient is seen across the inferior colliculus (IC) and SC, from high posterior mentarity. Binding activity for ephrin-A2-AP (data not shown) and ephrin-A5-AP ( Figure 4D ) was detected in to low anterior ( Figure 3A ). In the LGN, two gradients are seen, within the dLGN and vLGN ( Figure 3B ). Similar a high-temporal-to-low-nasal gradient. In these lightly fixed sections, some morphological integrity tends to gradients were seen from E14 to at least P4. These gradients appear consistent with the combined expresbe lost, but staining was clearly seen in the region of the ganglion cell layer and in undamaged areas could be sion of ephrin-A2 and ephrin-A5 RNAs, though it is also possible that other ligands could contribute to the seen in the nerve fiber layer. These results are consistent with a previous report showing that an ephrin-A5-Ig binding.
probe detects a nasotemporal gradient of staining across retinal flat mounts (Marcus et al., 1996) . The pat-
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tern seen with these ligand-AP probes is presumably due to the superimposed binding of multiple retinal reWe next tested whether any of the known receptors that bind ephrin-A2 and ephrin-A5 are expressed in the ceptors. The binding gradient appears consistent with the gradient of EphA5 RNA, though there could also be retinal ganglion cells, the cell type that sends out projecting axons. In the chick, EphA3 is in a low-nasal-toother Eph receptors in gradients. high-temporal gradient across the retina and was proposed as a topographically specific receptor ( , 1997) . However, it is not Surprisingly, in the mouse, EphA3 RNA was not noticeably expressed in the ganglion cell layer, though it known whether the same is true for the mammalian system. The potential for sharp species differences is was seen in the outer layers of the retina, where it may be in a shallow gradient from high temporal to low nasal emphasized by the differences in retinal Eph receptors described above. (Figure 4C ). Similar to the chick, EphA4 RNA is expressed in the ganglion cell layer but not in an obvious
To test the guidance effects of mouse ephrin-A2 and Figures 5B and 5D) . the overall distribution of ephrin-A ligands in the LGN, we used an EphA3-AP probe ( Figures 3B and 3C ). Some Growth preference for each explant was scored on a 0-4 scale, in which 0 was no bias for either set of lanes staining is lost in the mutants, particularly at the high end of the gradients, where ephrin-A5 RNA expression and 4 was a strong bias. With ephrin-A2, temporal explants had a mean score of 3.37 Ϯ 0.10 SEM (n ϭ 27), is normally high, while some staining remains in a pattern consistent with ephrin-A2 RNA expression (compare and nasal explants a mean score of 0.08 Ϯ 0.08 SEM (n ϭ 14). With ephrin-A5, temporal explants had a mean Figures 2E-2H , 3B, and 3C). The results are therefore consistent with a simple loss of ephrin-A5. A comparison score of 3.57 Ϯ 0.10 SEM (n ϭ 30), and nasal explants a mean score of 1.00 Ϯ 0.17 SEM (n ϭ 15). For both of LGNs by Nissl staining for histology and by in situ hybridization for ephrin-A2 RNA revealed no differences ephrin-A2 and ephrin-A5, the temporal and nasal results were different with p Ͻ 0.001. These results demonstrate between wild-type and ephrin-A5 Ϫ/Ϫ (data not shown). To assess the effects of the ephrin-A5 disruption on that mammalian ephrin-A2 and ephrin-A5 can both act in vitro as repellents for mammalian retinal axons, with retinal axon mapping, a focal injection of DiI was made mice (p Ͻ 0.002; n is the number of animals). The wider arborizations in the mutants were less densely packed, providing no indication that the increase in size was caused by an increase in the number of axon branches, but rather indicating a lesser precision in mapping. The average position of the arborizations was at 85.9% Ϯ 1.7% SEM in controls versus 68.5% Ϯ 3.2% SEM in ephrin-A5 Ϫ/Ϫ mice (pϽ0.001). The arborizations in the ephrin-A5 Ϫ/Ϫ mice were not redirected to a specific ectopic position, but rather were scattered at varying positions along the nasotemporal mapping axis.
In principle, developmental delay might contribute to the mapping phenotypes, though it seems unlikely to be the main cause. First, the retina and LGN show similar size and morphology in mutants versus wild types at the same ages. Second, temporal axons generally form a tight termination zone by P9 in the mutants, so it seems unlikely that the diffuse pattern of the nasal axons at this stage is due to a generalized delay. Finally, the phenotypes persist at least as late as P14, a week after a well developed map has formed in wild-type animals.
Discussion
The major inputs of visual, somatosensory, and auditory information enter the forebrain at the thalamus before projecting to the cortex and are organized in classical topographic maps, with nearest neighbor relationships feature of forebrain organization and function, it is not well understood how this topography develops. In particular, contrasting with decades of evidence from lower in one retina, followed by an examination of the contraneural projections, such as the retinotectal system, there lateral dLGN. When temporal axons were labeled, a norhas been no direct evidence for genetically determined mal arborization was seen, and in about half of the anitopographic mapping labels in the thalamus or cortex. mals, there were one or more additional arborizations displaced more toward the nasal end of the map ( Figures  6D-6F) . Ectopic arborizations were seen in 7/14 ephrinTopographic Labels in Development of the dLGN Several lines of evidence described here support the A5 Ϫ/Ϫ mice versus 1/14 controls (p Ͻ 0.03). The ectopic arborizations did not seem to be redirected to a specific idea that ephrins are topographic labels in the development of the main forebrain retinal target, the dLGN. The abnormal location but rather were scattered within approximately the temporal half of the mapping axis. first type of evidence comes from expression and binding patterns. Both ephrin-A2 and ephrin-A5 are exWe also tested nasal axons and found a strong phenotype. Surprisingly, the ectopic arborizations of the nasal pressed in gradients in the mouse dLGN ( Figures 2K  and 7) . A similar gradient is detected by the affinity probe axons in the mutants moved in the direction opposite to that of the ectopic arborizations of the temporal axin situ technique with EphA receptor fusion protein probes, confirming the presence of a gradient at the ons. In ephrin-A5 Ϫ/Ϫ mice, compared with wild-type littermates or heterozygotes, nasal axons showed termiprotein level and indicating that a summation of ligands (ephrin-A2, ephrin-A5, and possibly others) is in a gradinal arborizations that were broader and on average were displaced away from the nasal extreme of the map ( It therefore seems very likely that these molecules play al., 1995), the expression of ephrin-A2 and ephrin-A5 is seen throughout the axon ingrowth and mapping period at least some role as topographic mapping labels in the development of the retinal map in the dLGN. and is then rapidly downregulated as a refined map appears, perhaps allowing for activity-dependent plasticity.
Ephrin-A2 and Ephrin-A5 in Other Retinal Targets A widespread feature of vertebrate nervous system orIt would be difficult to test the dLGN for endogenous axon guidance activity by existing in vitro assays beganization is that connections are often organized in diverging or converging patterns, with one set of projectcause of its small size (less than one-hundredth the volume of the SC) and the lack of good landmarks for ing neurons connecting with multiple targets or vice versa. Previous studies have implicated the ephrins in dissection. This may help explain why labels have not been reported in the dLGN previously. However, we the mapping of one retinal target, the tectum, or its mammalian equivalent, the SC. We show here that have shown that mouse ephrin-A2 and ephrin-A5 can phenotype in the vLGN, it seems likely that ephrin-A2 and ephrin-A5 act as topographic labels here too. The pretectal nuclei are smaller, and we cannot conclude reliably whether the ephrins are in gradients. In view of the known roles of these nuclei, such as control of pupillary contraction, it is not immediately obvious that a retinotopic map would be needed. However, it has been reported that the retina projects topographically to the pretectal nuclei (Scalia and Arango, 1979), and ephrin-A2 and ephrin-A5 may serve as topographic mapping labels in some or all of the additional retinal targets.
Comparison of the Gradients of Ephrin-A2
and Ephrin-A5 in the dLGN, vLGN, and SC The identification of ephrins in several retinal targets allows us to assess which features of mapping are conserved and which can vary. In the dLGN, vLGN, and tectum/SC, it is a consistent feature that there are gradients of both ephrin-A2 and ephrin-A5. Also, in all of these targets, ephrin-A5 is more localized toward the high end of the overall gradient.
Our observations are therefore consistent with models for mapping, in which the composite of two ligand gradients is suggested to give a more precise mapping function than one ligand alone (Drescher et al., 1997; Flanagan and Vanderhaeghen, 1998). Ephrin-A2 might act primarily toward the low or central part of the overall gradient. Ephrin-A5, which binds several EphA receptors with higher affinity than ephrin-A2 does, might be especially important at the high end of the overall gradient for accurate mapping of nasal retinal axons. As discussed further below, this model fits closely with our observations on the effects of the ephrin-A5 mutation In the chick, EphA3 has been suggested as a topoducibly affected, forming unusually broad arborizations scattered within two-thirds of the dLGN. This would be graphically specific retinal receptor (Cheng et al., 1995) . We were therefore surprised to find that in the mouse, consistent with the mapping of nasal axons being dependent primarily on ephrin-A5. In normal development, EphA3 is not noticeably expressed in the retinal ganglion cells. We did find, however, that EphA5, another recepthis model for mapping by specification of relative rather than absolute positions could provide a robust mechator that binds both ephrin-A2 and ephrin-A5, is expressed in the ganglion cells and is in a topographically nism to ensure the formation of a smooth map that fills the entire target. Other models might also contribute to appropriate gradient. This species difference is reminiscent of observations on guidance in the trunk region, the effects we see here , with a model whereby labels specify an initial map, Although nasal axons were not tested in that study, they which is then refined by activity. However, it is worth also do show a strong mapping phenotype in the SC noting that when some of the topographic labels are (D. A. F. et al., unpublished data). The effects on tempomissing, at least by the times studied here, activity does ral axons in the dLGN or SC are consistent with a model not fully correct the map. The correct array of topoin which the removal of a repellent simply allows the graphic labels may therefore be required not only for axons to arborize ectopically in regions that would norinitial map specification but may also influence the final mally contain that repellent (Frisé n et al., 1998) We show here that all of the major targets of the mammacombined result of these two conditions is that the topolian retina share a common pattern of topographic guidgraphic labels would specify the termination positions ance molecules. Just as metameric segmentation proof axons relative to one another, not relative to the target.
vides an efficient organizational principle for control Therefore, removal of some of the topographic labels is molecules to be used repeatedly in segments along the not expected to cause a simple shift in mapping posibody axis, the arrangement we find here suggests a tions relative to the target. Instead, it is expected to modular organization of neural development, whereby reduce the precision of mapping, since the axons will the same set of labels is used repeatedly in multiple no longer have the full array of labels that normally allows targets. In addition to providing an efficient developthem to determine their correct position relative to one mental principle, this organization also suggests a simple mechanism of evolution, whereby new neural targets another. 
